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Coronaviruses are the causative agents of respiratory disease in humans and animals, including severe acute 
respiratory syndrome. Fusion of coronaviruses is generally thought to occur at neutral pH, although there is 
also evidence for a role of acidic endosomes during entry of a variety of coronaviruses. Therefore, the molecular 
basis of coronavirus fusion during entry into host cells remains incompletely defined. Here, we examined 
coronavirus-cell fusion and entry employing the avian coronavirus infectious bronchitis virus (IBV). Virus 
entry into cells was inhibited by acidotropic bases and by other inhibitors of pH-dependent endocytosis. We 
carried out fluorescence-dequenching fusion assays of R18-labeled virions and show that for IBV, coronavirus- 
cell fusion occurs in a low-pH-dependent manner, with a half-maximal rate of fusion occurring at pH 5.5. 

Fusion was reduced, but still occurred, at lower temperatures (20°C). We observed no effect of inhibitors of 
endosomal proteases on the fusion event. These data are the first direct measure of virus-cell fusion for any 
coronavirus and demonstrate that the coronavirus IBV employs a direct, low-pH-dependent virus-cell fusion 
activation reaction. We further show that IBV was not inactivated, and fusion was unaffected, by prior exposure 
to pH 5.0 buffer. Virions also showed evidence of reversible conformational changes in their surface proteins, 
indicating that aspects of the fusion reaction may be reversible in nature. 


For all enveloped viruses, a critical event during entry into cells 
is the fusion of the viral envelope with the membrane of the host 
cell (13). Our current understanding of viral fusion has been 
driven by fundamental problems first solved with influenza hem¬ 
agglutinin (HA) (50). Whereas the trigger for HA-mediated fu¬ 
sion is the low pH of the endosome, other viruses (e.g., paramyxo¬ 
viruses and most retroviruses) undergo a receptor-primed fusion 
with the plasma membrane at neutral pH (13). 

Coronaviruses (CoV) have recently received much attention 
due to the outbreak of severe acute respiratory syndrome 
(SARS) (22, 28), but there is little consensus as to whether 
coronavirus entry and fusion occur following endocytosis or at 
the plasma membrane (6, 16, 21, 43). Coronaviruses are en¬ 
veloped positive-strand RNA viruses that replicate in the cy¬ 
toplasm (28). They have a distinctive set of club-shaped spikes 
on their envelope, and the spike protein (S) is the primary 
determinant of cell tropism and pathogenesis, being responsi¬ 
ble (and apparently sufficient) for receptor binding and fusion 
(16). However, other envelope proteins are present: the M 
protein, the E protein, and (in some coronaviruses) an HE 
protein (28). The coronavirus S protein is categorized as a class 
I fusion protein, based on the presence of characteristic heptad 
repeats (3, 9, 26); as such, it shows features of the fusion 
proteins of influenza virus (HA), retroviruses (Env), and 
paramyxoviruses (F and HN), for which there is extensive 
characterization at the structural and biophysical levels (11). 

Although class I fusion proteins share similar structural fea¬ 
tures, they can have quite different biological properties, i.e., 
they can be triggered for fusion by low pH or by coreceptor 
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interaction. Influenza virus is a classic example of low-pH- 
induced fusion (50), and retroviruses, such as human immuno¬ 
deficiency virus (HIV), are well-characterized systems in which 
coreceptor interaction triggers the necessary conformational 
changes in Env that allow fusion to occur (14). In the case of 
coronaviruses, receptor-induced conformational changes have 
been described (29, 34, 57), and the fusions of murine coronavi¬ 
rus, bovine coronavirus, and infectious bronchitis virus (IBV) are 
considered to exhibit a near-neutral or slightly alkaline pH opti¬ 
mum (30,41,51,54). Since these fusion data are exclusively based 
on cell-cell fusion assays with S-expressing cells, the nature of 
coronavirus fusion during entry into host cells remains incom¬ 
pletely defined. 

To understand the molecular details of coronavirus fusion, 
biochemical and biophysical studies are needed. However, a 
significant problem for most coronaviruses is the fact that the 
virus is difficult to purify for such studies. Because of this, 
direct virus-cell fusion assays have not been performed for any 
coronavirus, and the molecular basis of fusion during virus 
entry remains elusive. Here, we examined coronavirus-cell fu¬ 
sion using fluorescence-dequenching (FdQ) assays (18) of octa- 
decyl rhodamine (R18)-labeled viruses with host cells, using 
IBV, a coronavirus that can be isolated, purified, and labeled 
appropriately for FdQ studies. Our IBV model, for the first 
time, allows FdQ studies of coronavirus-cell fusion to be per¬ 
formed. We show that fusion does not occur at neutral pH and 
that fusion activation is a direct low-pH-dependent process 
occurring within acidic endosomes, with a half-maximal rate of 
fusion at pH 5.5. 

MATERIALS AND METHODS 

Viruses, cells, and infections. IBV (strains Beaudette and Massachusetts 41 
[M41]; provided by Benjamin Lucio-Martinez, Unit of Avian Health, Cornell 
University), influenza virus (strain A/WSN/33), and Sendai virus (strain Cantell; 
American Type Culture Collection [ATCC]) were propagated in 11-day-old 
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FIG. 1. Infection of IBV is prevented by treatment of cells with inhibitors of endosome acidification. BHK cells were treated with various 
concentrations of NH 4 C1 (A), monensin (B), or bafilomycin A1 (C) for 30 min and infected with IBV strain Beaudette, influenza virus strain 
A/WSN/33, or Sendai virus strain Cantell at a multiplicity of infection of 1 to 5 infectious units/cell. Infectivity was determined by immunofluo¬ 
rescence microscopy 8 h postinfection using anti-IB V SI monoclonal antibody (15:88), anti-influenza NP monoclonal antibody H16 L10 4R5, or 
chicken anti-Sendai virus antibody. For quantification, >300 cells were scored in three independent experiments. The error bars represent the 
standard errors of the mean. 


embryonated specific-pathogen-free chicken eggs. Vesicular stomatitis virus 
(VSV, strain Orsay; ATCC) was propagated in BHK cells. The BHK cells 
(ATCC) were maintained in Dulbecco’s modified Eagle’s medium (Cellgro) 
containing 10% fetal bovine serum and passaged twice weekly. Primary chicken 
kidney (CK) cells were isolated from the kidneys of 11- to 14-day-old chickens 
and seeded in medium 199 (Cellgro) containing 5% fetal bovine serum. 

IBV was purified using a 30 to 65% (vol/vol) sucrose step gradient. Specific- 
pathogen-free chicken eggs were infected with IBV (approximately 10 2 50% 
embryo infectious doses/egg), and the allantoic fluid was harvested at 24 h (IBV 
Beaudette) or 48 h (IBV M41) postinoculation. The allantoic fluid was clarified 
by centrifugation at 2,000 X g for 15 min and then centrifuged at 18,000 rpm in 
an SW32 rotor (Sorvall). The pellet was loaded onto a 30 to 65% (vol/vol) 
sucrose step gradient and centrifuged at 25,000 rpm in an SW32 rotor. The 
virus-containing band at the 65% sucrose interface was concentrated using an 
SW32 rotor at 18,000 rpm. The pellet was gently rinsed with cold phosphate- 
bulfered saline (PBS) to remove residual sucrose, and purified sucrose-free virus 
was then resuspended in 2-mg/ml stocks in PBS. 

Infections were performed essentially as described previously (47). Briefly, 
viral stocks were diluted in binding medium (RPMI 1640 medium containing 
0.2% bovine serum albumin [BSA], pH 7.4), and unless otherwise described, 
virus was adsorbed for 60 min at 37°C. The cells were then maintained in growth 
medium containing 2% fetal bovine serum at 37°C before fixation and analysis. 
NH 4 C1, bafilomycin Al, monensin, and E64-d were obtained from Calbiochem. 

Virus-cell fusion assay. Fusion assays were based on fluorescence dequenching 
of R18-labeled virus (18). Typically, 100 pi of purified virus (2 mg/ml) was 
labeled by the addition of 2.5 pi of 1.7 mM R18 (Molecular Probes), and the 
mixture was incubated in the dark on a rotary shaker at room temperature for 60 
min. Excess dye was removed with a Sephadex G25 column (Pharmacia). Fifteen 
microliters of labeled virus (approximately 5 PFU/cell) was bound to 1.5 X 10 6 
cells at 4°C for 1 h in binding buffer. Unbound virus was removed by washing it 
with binding buffer, and the cells were resuspended in fusion buffer (5 mM 
HEPES, 5 mM MES [morpholineethanesulfonic acid], 5 mM succinate, 150 mM 
NaCl buffer, pH 7.0, 15 pM monensin) at 37°C. To examine the fusion of IBV 
with the cell membrane, fusion was triggered by adding a predetermined amount 
of 250 mM HC1 to obtain a final pH between 5.0 and 7.0. Control viruses were 
similarly labeled and induced to fuse at pH 7.0 (Sendai virus) (42), pH 5.0 
(influenza virus) (20), or pH 5.5 (VSV) (44). Fluorescence dequenching was 
measured using a QM-6SE spectrofluorimeter (Photon Technology Interna¬ 
tional), with excitation and emission wavelengths (X Ex and X Em ) set to 560 nm 
and 590 nm, respectively. Fusion efficiency was determined following the addi¬ 
tion of Triton X-100 (final concentration, 1%) to obtain 100% dequenching. 

Immunofluorescence microscopy. Immunofluorescence microscopy was essen¬ 
tially performed as described previously (47), except with methanol fixation for 
IBV. IBV was identified using anti-Sl monoclonal antibody 15:88 (25). Influenza 
virus was detected using mouse monoclonal antibody H16 L10 4R5 (anti-NP) 
(ATCC). Sendai virus was identified with a chicken polyclonal anti-Sendai virus 
antibody (U.S. Biological), and VSV was detected with mouse monoclonal anti¬ 
body P5D4 (Roche Applied Science). The secondary antibodies used were Alexa 
488-labeled or Alexa 568-labeled goat anti-mouse or anti-chicken immunoglob¬ 


ulin G (Molecular Probes). Cells were viewed on a Nikon Eclipse E600 fluores¬ 
cence microscope, and images were captured with a Sensicam EM camera and 
IPLab software before transfer into Adobe Photoshop 7 and determination of 
infection frequency. 

bis-ANS fluorescence. l,l'-bi(4-anilino)naphthalene-5-5'-disulfonic acid (bis- 
ANS) was obtained from Molecular Probes. Purified IBV (Beaudette), influenza 
virus (A/WSN/33), or VSV (Orsay) (2 mg/ml) was incubated at pH 7.0 or pH 5.0 
or was treated with pH 5.0 fusion buffer for 5 min before neutralization to pH 7.0. 
bis-ANS (1 mM) was then added, and the fluorescence intensity was measured 
after 5 min (X Ex = 400 nm; X Em = 490 nm) using a Molecular Devices Spectra- 
max Gemini XS fluorimeter. 

ELISAs. Enzyme-linked immunosorbent assay (ELISA) plates were coated 
with 100 ng of virus protein at 4°C for 12 h and washed twice with 0.5% 
BSA-PBS. The wells were blocked with 0.5% BSA-PBS at 4°C for 1 h, and the 
plates were incubated with mouse monoclonal anti-Sl (15:88) or S2 (9:4) anti¬ 
body at room temperature. The wells were then blocked with 0.5% BSA-PBS and 
incubated with anti-mouse horseradish peroxidase at room temperature for 1 h. 
The wells were developed with ABTS [2,2'-azinobis(3-ethylbenzthiazolinesulfonic 
acid)] and analyzed at a X of 405 nm. 


RESULTS 

Studies of IBV infection are typically performed in primary 
chicken cells or embryonated eggs due to the restricted tropism 
of the virus (8), and the IBV strain Beaudette has been 
adapted to efficiently replicate in, and rapidly kill, chicken 
embryos (1,15, 36). In addition to its embryo-lethal phenotype, 
IBV Beaudette has acquired extended species tropism and 
infects a variety of continuous cell lines, including baby ham¬ 
ster kidney (BHK) cells (40); the Beaudette strain therefore 
serves as an excellent cell culture model for IBV infection. To 
examine the functional role of a low-pH-dependent fusion 
trigger for coronavirus infection, we first carried out infections 
of IBV Beaudette in BHK cells in the presence of acidotropic 
bases and drugs that neutralize the low pH of endosomes, 
using influenza virus and Sendai virus as controls. When added 
prior to virus binding, the addition of ammonium chloride 
resulted in a dose-dependent inhibition of coronavirus infec¬ 
tion but had no effect on Sendai virus (Fig. 1A). Slightly higher 
levels of ammonium chloride were necessary to completely 
block IBV entry than were necessary with influenza virus. A 
similar situation was found with the ionophore monensin; IBV 
infection was inhibited at slightly higher drug concentrations 
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FIG. 2. R18-labeled IBV virions retain infectivity in BHK cells and 
show no loss of SI. To determine relative infectivity, purified IBV 
strain Beaudette was incubated with or without R18. The protein 
concentration of each virus preparation was assayed via Bio-Rad pro¬ 
tein assay, and virus infectivity was assessed by infecting BHK cells 
using immunofluorescence microscopy (A). To determine virus integ¬ 
rity, 500 ng of either R18-labeled or unlabeled IBV strain Beaudette 
was use to coat an ELISA plate, and the S1/S2 ratio of each sample was 
determined via anti-Sl (15:88) and anti-S2 (9:4) monoclonal antibody 
staining, followed by anti-mouse horseradish peroxidase labeling and 
ABTS development (B). The error bars represent the standard errors 
of the mean. 


than for influenza virus, and Sendai virus was unaffected (Fig. 
IB). We also examined infection in the presence of bafilomycin 
A1 (BafA), a potent inhibitor of the vacuolar H + -ATPase. In 
this case, influenza virus was very sensitive to BafA treatment 
(complete inhibition of infection at 20 nM), and Sendai virus 
was unaffected. IBV was sensitive to BafA in a dose-dependent 
manner, although much higher concentrations of the drug (ap¬ 
proximately 1 pM) were necessary to achieve complete inhi¬ 
bition of infection; however, levels as low as 100 nM gave 
approximately 80% inhibition (Fig. 1C). The reasons for this 
are unclear. To ensure that the effects of the above-mentioned 
compounds were specific to virus entry, we also performed 
experiments in which the inhibitor was added 60 min after 
initiation of infection. In that case, viruses were expected to 
have exited the endosomal compartments and entered the cy¬ 
tosol within 60 min and were therefore resistant to endosome 
inhibitors. For ammonium chloride, BafA, and monensin, in¬ 
fection levels were similar to those of untreated controls when 
added after 60 min (not shown), showing that low endosomal 
pH is specifically required for coronavirus entry. 

To directly examine the coronavirus-cell fusion event, we 
purified IBV strain Beaudette from the allantoic cavities of 
embryonated chicken eggs and labeled virions with the li¬ 
pophilic fluorescent dye R18. The virions were labeled with a 
sufficiently high concentration of R18 to achieve self-quench¬ 
ing of the probe, and such R18-labeled virus retained high 
levels of specific infectivity (Fig. 2A). We also examined the 
integrity of our R18-labeled virions, as coronavirus entry ex¬ 
periments have been considered technically difficult to study, 
in part because of the tendency of the SI component of the 
spike protein to detach from the virions (23). We monitored 
the relative ratio of SI and S2 by ELISA, using specific mono¬ 
clonal antibodies recognizing these domains (25). No loss of SI 
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was seen after R18 labeling and subsequent purification (Fig. 
2B); however, SI was efficiently released by urea, a treatment 
known to detach the SI domain (7). 

For fluorescence-dequenching studies, labeled virus was 
bound to the surfaces of BHK cells at 4°C and shifted to 37°C 
in fusion buffer (pH 7.0) in the presence of monensin to pre¬ 
vent any entry from acidic endosomes. Upon lipid mixing that 
occurs during membrane fusion, the quenched probe is diluted 
in the cell membrane and undergoes dequenching, which can 
be monitored as an increase in fluorescence signal by spec- 
trofluorimetry. Even after a significant time at 37°C (300 s), we 
saw little or no dequenching of virus signal that would indicate 
virus-cell fusion at neutral pH (Fig. 3A). However, addition of 
Triton X-100, caused extensive dequenching, showing that the 
virus binding had occurred and the virions were labeled ap¬ 
propriately. This indicated that the lack of dequenching was 
due to a lack of fusion activity at pH 7.0. In contrast, Sendai 
virus (a paramyxovirus well established to fuse at neutral pH) 
(42) gave extensive dequenching under the same conditions 
(Fig. 3A). 

As IBV appeared to be unable to fuse with cells at neutral 
pH, we wished to determine if coronavirus fusion was pH 
dependent. We first examined influenza virus (an orthomyxo¬ 
virus well-established to fuse at pH 5.0 to 5.5) (50). As ex¬ 
pected, influenza virus showed no fusion activity at pH 7.0 in 
the presence of 15 pM monensin and gave extensive cell sur¬ 
face dequenching when the pH was lowered to 5.0 (Fig. 3B). 
When we examined the coronavirus IBV, we saw that fusion 
was similarly sensitive to low pH (Fig. 3B). At pH 5.0, we 
obtained extensive dequenching, with the overall extent of 
fusion between 40 and 60% of that in the presence of Triton 
X-100 (the addition of which results in complete dequenching), 
with little or no appreciable lag time after pH change. At pH 
5.5, high levels of dequenching were still observed (Fig. 3C), 
and limited dequenching could still occur at pH 5.75; however, 
at pH 6.0 and above, dequenching was negligible. Below pH 
5.0, the IBV fusion reaction was unstable and calibration was 
not possible (V. C. Chu and G. R. Whittaker, unpublished 
results). 

To define a pH threshold for fusion, we calculated the initial 
rate of fusion between pH 7.0 and 5.0 (Fig. 3D). Typically, we 
did not see an abrupt threshold for low-pH-activated IBV 
fusion, as would be expected for influenza virus (20), but a 
more gradual increase in fusion activity between pH 6.0 and 
5.0. In our FdQ system, the half-maximal pH (pH 1/2 ) at which 
IBV fusion occurred was 5.5. 

One potential problem that has been reported for R18- 
based fluorescence-dequenching assays is due to nonspecific 
probe transfer when virus is bound to the surfaces of cells (39). 
However, in our assays, we see only very limited probe transfer, 
and experiments using viruses pretreated with a low level of 
paraformaldehyde and exposed to low pH show no significant 
dequenching (Fig. 4). Therefore, we are confident that our 
dequenching results measure bona fide lipid mixing due to 
virus fusion and are not due to nonspecific probe transfer. 

IBV strain Beaudette is a laboratory-adapted strain that is 
nonpathogenic in adult animals. Consequently, we wished to 
examine whether low-pH dependence for coronavirus fusion 
was also necessary in a more clinically relevant system. We 
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FIG. 3. Fusion of IBV with host cells is low pH dependent. R18-labeled IBV strain Beaudette or Sendai virus strain Cantell was bound to BHK 
cells at 4°C for 60 min and then injected into a spectrofluorimeter cuvette containing 1 ml of pH 7.0 buffer at 37°C (t = 100 s) (A). Samples were 
monitored for fluorescence dequenching at 37°C for 300 seconds before addition of 1% Triton X-100 (final concentration) to obtain complete 
(100%) dequenching. (B) Similarly, R18-labeled IBV strain Beaudette or influenza virus strain A/WSN/33 was bound to BHK cells at 4°C, but 
samples were added to pH 7.0 buffer at 37°C (t = 0 s). At t = 100 s, the buffer pH was reduced to 5.0 and samples were monitored for fluorescence 
dequenching at 37°C. At t = 400 s, the final concentration of 1% Triton X-100 was added to obtain 100% dequenching. (C) Samples were treated 
as described for panel B under various pH conditions, and dequenching activities are shown in terms of actual fusion units. The initial rate of fusion 
obtained from panel C was analyzed by four-parameter exponential decay and is plotted against various pHs (D). The pH which gave the 
half-maximal initial rate of IBV fusion (pH 1/2 ) is indicated. 



FIG. 4. R18-labeled IBV does not undergo significant nonspe¬ 
cific dye transfer. R18-labeled IBV strain Beaudette was untreated 
or pretreated with 0.5% paraformaldehyde (fixed IBV) before bind¬ 
ing to BHK cells. An FdQ assay was performed on each sample as 
described for Fig. 4B. The pH was reduced to 5.0 to induce fusion 
at t = 50 s. 


purified and labeled virions of the M41 serotype of IBV, which 
are common causes of disease outbreaks (8). R18-labeled M41 
virus was subjected to FdQ assays with CK cells and showed a 
pattern of pH dependence similar to that of the Beaudette 
strain examined previously, with an essentially identical pH 1/2 
of 5.5 (not shown). 

One feature of viruses that fuse at low pH that is not shared 
by pH-neutral viruses is that fusion can still occur at lower 
temperatures (13). Because of this, we examined IBV fusion at 
20°C. After fusion was induced by the addition of pH 5.0 
buffer, we observed limited but significant dequenching (Fig. 
5). The initial rate of fusion at 20°C was approximately 25% of 
the value obtained at 37°C. These data indicate that the coro- 
navirus IBV fits into the general pattern of pH-dependent 
fusion (i.e., influenza virus-like), rather than pH-independent 
fusion (i.e., retrovirus- or paramyxovirus-like). 

To accommodate low-pH-dependent entry of SARS-CoV 
with a proposed pH-neutral fusion reaction, it has recently 
been suggested that the low pH of the endosome may act 
indirectly, possibly activating an endosomal protease (cathep- 
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FIG. 5. Limited but significant IBV fusion occurs at lower temper¬ 
ature. R18-labeled IBV strain Beaudette was bound to BHK cells at 
4°C for 60 min and then added to a spectrofluorimeter cuvette at either 
20°C or 37°C (t = 0 s). The pH was reduced to 5.0 at t = 100 s or 
maintained at 7.0 while FdQ activity was monitored. 


sin L) necessary for S protein cleavage and subsequent fusion 
activation (35, 48). Although our fluorescence-dequenching 
experiments clearly showed a direct low-pH-dependent activa¬ 
tion of IBV fusion, it remained possible that by dropping the 
external pH in our assay we were activating a secreted or cell 
surface-bound protease that was then responsible for fusion 
activation. To examine this possibility, we repeated our fluo- 
rescence-dequenching assays in the presence of the cathepsin- 
sensitive protease inhibitor E64-d (Fig. 6). We observed no 
detectable difference in fusion activation in the presence or 
absence of E64-d (Fig. 6A), whereas a fluorescence assay of 
cathepsin L activity showed marked reduction of enzyme ac¬ 
tivity in control BHK cells (Fig. 6B). Quantification of the pixel 
intensity in Fig. 6B showed >85% inhibition of cathepsin L 
activity after E64-d treatment (data not shown). These data 


confirm that IBV fusion activation is occurring in a direct 
low-pH-dependent manner. 

Fluorescence-dequenching assays such as the one employed 
here are lipid-mixing assays, and probe dequenching would still be 
apparent if fusion were arrested at the hemifusion stage. To 
ensure that the low-pH-induced fusion event we measured by 
fluorescence dequenching resulted in fusion progression to later 
stages, i.e., fusion pore formation and expansion, we carried out a 
content-mixing assay. We bound IBV to the surfaces of cells and 
assayed the delivery of the virus genome (and subsequent viral 
replication in the cytoplasm) when fusion was induced at the cell 
surface. To ensure that we were monitoring only fusion from the 
cell surface, we neutralized the low endosomal pH with 15 pM 
monensin as a control. When the external medium was main¬ 
tained at pH 7, we saw an almost complete block of virus infec¬ 
tion, indicating entry through acidic endosomes (Fig. 7). In con¬ 
trast, when the surface-bound virus was exposed to pH 5.0 buffer 
for 2 min, IBV efficiently infected cells by fusing with the plasma 
membrane, albeit at somewhat reduced levels compared to that 
occurring through the normal entry pathway, i.e., through endo¬ 
somes (Fig. 1). These data are in general agreement with other 
enveloped viruses that enter cells by pH-dependent endocytosis 
(33) and confirm that low pH induces complete fusion of the IBV 
S protein with host cells. 

Many low-pH-dependent viruses (e.g., influenza virus) un¬ 
dergo essentially irreversible conformational changes that trig¬ 
ger fusion; hence, exposure of the virus to low pH and subse¬ 
quent neutralization prior to exposure to cells efficiently 
inactivates virions and abolishes infection (4). However a few 
viruses (notably VSV) have reversible triggers for fusion and 
are not inactivated by low-pH exposure and subsequent neu¬ 
tralization (17). To examine the possible reversibility of coro- 
navirus fusion, we exposed IBV (Beaudette) to pH 5.0 buffer 
for 10 min and subsequently reneutralized the virus to pH 7.0 
before infection of BHK cells. Whereas influenza virus infec- 
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FIG. 6. Cysteine proteases are not essential for IBV fusion activation during viral entry. BHK cells were pretreated with 400 pg/ml of E64-d, 
and R18-labeled IBV strain Beaudette bound at 4°C for 60 min. An FdQ assay was performed as described for Fig. 4B in the presence or absence 
of E64-d throughout the entire experiment. Virus-cell fusion was triggered by reducing the buffer pH to 5.0 at t = 100 s. In panel B, E64-d activity 
was assessed using a Cathepsin L Activity Detection Kit (Calbiochem) in the presence or absence of drug treatment, according to the manufac¬ 
turer’s instructions. 
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FIG. 7. Content mixing occurs following low-pH-induced IBV fu¬ 
sion at the cell surface. IBV strain Beaudette (multiplicity of infection, 
5 infectious units/cell) was bound to the surfaces of BHK cells at 4°C 
for 60 min and was treated with 15 |xM monensin to block virus entry 
from endosomes or was left untreated as a control. In the pH 5 pulse 
sample, the buffer pH was reduced to 5.0 in the presence of 15 |xM of 
monensin for 2 min at 37°C and then replaced with 2% Dulbecco’s 
modified Eagle’s medium with monensin at 37°C for 8 h. Genome 
delivery and viral replication were monitored by expression of S gly¬ 
coprotein via immunofluorescence microscopy. For quantification, 
>100 cells were scored in three independent experiments. The error 
bars represent the standard deviations of the mean. 


tion was completely abrogated by pretreatment with pH 5.0 
buffer, VSV was essentially unaffected. Infection with the coro- 
navirus IBV was almost completely resistant to low-pH expo¬ 
sure and subsequent neutralization of virions (Fig. 8A). We 
also performed fluorescence-dequenching assays of IBV that 
had been pretreated with pH 5.0 buffer, which showed no 
discernible differences from IBV that was not pretreated (Fig. 
8B). As expected, influenza virus fusion was abolished by pH 
5.0 pretreatment (Fig. 8C), and VSV fusion was insensitive to 
pH 5.0 pretreatment (Fig. 8D). 

To investigate more directly the possible reversible nature of 
low-pH-dependent conformational changes that occur for 
IBV, we employed the fluorophore bis-ANS. This probe is 
sensitive to the polarity of its environment, so that it is virtually 
nonfluorescent in aqueous solution but becomes strongly fluo¬ 
rescent when it is bound to hydrophobic sites in proteins (46). 
bis-ANS has been widely used as a probe to monitor protein 
folding and unfolding and can be used either on purified pro¬ 
tein or on intact virions (27). We incubated purified IBV with 
bis-ANS at pH 7 or pH 5 and saw a pronounced increase in 
bis-ANS binding at the lower pH, indicating exposure of hy¬ 
drophobic domains or residues of the S protein (Fig. 9). When 
the pH was returned to neutral, the bis-ANS fluorescence 
returned to background levels, indicting a reversion of S protein 
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FIG. 8. Infection and fusion by IBV are not prevented by pretreatment of virions with low-pH buffer. IBV strain Beaudette, influenza virus 
strain A/WSN/33, and VSV strain Orsay were purified and incubated in pH 5.0 buffer for 10 min before neutralization to pH 7.0 (pH 5-pH 7) or 
were maintained at pH 7.0 (pH 7 only) (A). BHK cells were then infected with virus at a multiplicity of infection of 5 infectious units/cell, and 
infection was monitored by immunofluorescence microscopy with monoclonal antibodies anti-IBV SI (15:88), anti-influenza virus NP H16 L10 
4R5, and anti-VSV G (P5D4) after 8 h of incubation. For quantification, >100 cells were scored in three independent experiments. The error bars 
represent the standard deviations of the mean. (B, C, and D) IBV strain Beaudette, influenza virus strain A/WSN/33, and VSV strain Orsay were 
treated with either pH 5.0 or 7.0 buffer for 10 min before neutralization and then bound to BHK cells at 4°C for 60 min. FdQ assays were then 
performed and monitored as described for Fig. 3B, and buffer pH was reduced from pH 7.0 to 5.0 at t = 100 s. 
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FIG. 9. bis-ANS labeling demonstrates S glycoprotein conforma¬ 
tion reversibility. Purified IBV strain Beaudette, influenza virus strain 
A/WSN/33, and VSV strain Orsay were pretreated with pH 7.0, pH 5.0, 
or pH 5.0 buffer followed by neutralization to pH 7.0 at 37°C for 10 
min. Then, each sample was subjected to bis-ANS binding at 37°C for 
5 min before analysis by fluorimetry. The samples represent the means 
of five replicate wells, and the error bars represent the standard devi¬ 
ations of the mean. 


conformational changes. In contrast, influenza vims (which pos¬ 
sesses an irreversible fusion trigger) maintained its high levels of 
bis-ANS binding when pH 5-treated virus was neutralized. VSV 
also showed an increase in bis-ANS fluorescence at pH 5, fol¬ 
lowed by return to baseline levels upon reneutralization, indica¬ 
tive of the reversible conformational changes occurring in the 
VSV G protein. Overall, these data suggest that the low-pH- 
activated conformational changes are required prior to IBV coro- 
navirus fusion and that these conformational changes may be 
reversible in nature. 


DISCUSSION 

Using an established assay of virus-cell fusion, we show here 
that fusion of the coronavirus IBV with host cells does not occur 
at neutral pH and that fusion activation is a low-pH-dependent 
process, with a half-maximal rate of fusion at pH 5.5. Little or no 
fusion occurred above a pH of 6.0. The pH optimum for fusion 
was 5.0 at 37°C, where fusion occurred rapidly, reaching max¬ 
imal extent (approximately 40%) within 60 s. Fusion still oc¬ 
curred at lower temperatures (e.g., 20°C), albeit with reduced 
kinetics and extent. As such, the coronavirus IBV shows many 
similarities to pH-dependent viruses, such as influenza virus or 
VSV, and little or no similarity to retroviruses or paramyxovi¬ 
ruses, which fuse at neutral pH. 

In general, coronaviruses have been categorized as under¬ 
going pH-independent fusion (13). How, then, can we ratio¬ 
nalize the substantial data showing a neutral-pH coronavirus 
fusion reaction (at least for cell-cell fusion) with our own data 
that clearly show activation of virus-cell fusion at pH 5.5? It is 
possible that cell-cell fusion assays involve overexpression of 
the viral S protein and its receptor, which might provide an 
environment where even highly inefficient membrane fusion 
events (i.e., those occurring at neutral pH) might be visualized. 


Alternatively, an explanation for the apparently discrepant 
data is that the IBV S protein undergoes reversible conforma¬ 
tional changes that might account for fusion activation, as is 
the case for VSV (17). Reversibility in fusion activation may 
account for the ability of IBV to be highly syncytial yet have a 
low-pH-dependent fusion trigger during virus fusion. With 
VSV infection, syncytia can be observed even with a fusion 
protein that is clearly triggered by low pH (45). In a similar 
fashion, a fraction of the IBV S protein that is expressed at the 
cell surface (32, 53) may transiently attain a fusion-competent 
state during maturation and delivery, allowing some degree of 
cell-cell fusion at the plasma membrane. While the pH of the 
Golgi is only mildly acidic, the pH of secretory vesicles can be 
as low as 5.5 (56) and would be low enough to activate fusion. 
In support of this model, brief treatment of IBV-infected cells 
with pH 5.0 buffer leads to an approximately 50% increase in 
syncytium formation (data not shown). 

Unlike viruses with well-characterized class I fusion proteins 
(e.g., retroviruses and influenza virus), coronaviruses do not 
have ubiquitously cleaved spike proteins. It has been suggested 
that cleavage of the S protein might enable pH-independent, 
receptor-primed triggering of fusion activity in the case of 
coronaviruses (21, 49). However, it is noteworthy that the IBV 
S protein is found in a completely cleaved S1/S2 form (data not 
shown), and so in this case there is no correlation between 
cleavage and the acquisition of pH-independent triggering of 
fusion. Although the coronavirus S proteins clearly have a 
highly helical secondary structure and heptad repeat domains 
(3), the lack of a requirement for proteolytic activation, com¬ 
bined with the reversible nature of fusion activation, suggests 
that S protein does not behave biologically as a canonical class 
I fusion protein. Several coronaviruses, including IBV and 
porcine transmissible enteritis virus, are clearly sensitive to 
endosome acidification during entry into cells (Fig. 1) (19, 30), 
although there is no clear consensus regarding the role of 
S1/S2 cleavage. The SARS-CoV is similarly sensitive to low 
endocytic pH, although in this case, there may be an additional 
fusion requirement mediated following activation of endo- 
somal proteases at sites different from the S1/S2 boundary (48). 

Coronaviruses can undergo conformational changes follow¬ 
ing receptor binding at neutral or slightly alkaline pH (34, 57), 
and one possibility is that there are multiple triggers to induce 
fusion during coronavirus entry. Indeed, retroviruses, such as 
avian leukosis virus (ALV), have been shown to require a 
combination of receptor priming and low pH for fusion (38). 
Our fluorescence-dequenching assays for IBV clearly show 
that the rapid lipid-mixing event in coronavirus fusion is pH 
dependent, in contrast to the pH-neutral lipid mixing first 
proposed for ALV using R18-based FdQ assays and virus-cell 
fusion (12); however, recent work imaging individual fusion 
events has indicated that low-pH-dependent lipid mixing may 
occur for ALV (37). It remains possible that SARS-CoV may 
have additional requirements for fusion activation, e.g., pro¬ 
teolytic cleavage, and that all CoVs require prior receptor 
interaction for full pH-dependent conformational changes. 
Currently, our data support the idea that low-pH-dependent 
conformational changes in IBV can undergo reversion (Fig. 8 
and 9). However, it is important to note that in these experi¬ 
ments, reversibility occurs in the absence of receptor, and so it 
remains to be determined if these changes result in the expo- 
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sure of the fusion peptide or if they have any direct impact on 
the fusion event itself. Future work will address these possibil¬ 
ities using our IBV model. 

Fluorescence-dequenching studies require purified virus that is 
stable for purification protocols, and most coronaviruses do 
not grow to sufficiently high titer in cell culture to allow this 
type of experiment to be performed. The avian coronavirus 
IBV that we use here grows to high titer in embryonated 
chicken eggs and allows purification of sufficient levels of virus 
for dequenching studies. We believe that IBV is a robust sys¬ 
tem that can be used to understand fundamental mechanisms 
of coronavirus biology, allowing sophisticated biochemical and 
biophysical studies to be performed. The relevance of our 
model to coronavirus pathogenesis in general is underscored 
by the similar pathogeneses of IBV and SARS-CoV in their 
hosts (43, 55); both can cause fatal lung inflammation with 
secondary bacterial infections, as well as infection of the gastro¬ 
intestinal tract and kidney (5). 

Our data have considerable implications for the develop¬ 
ment of current and future antiviral therapies for coronavirus 
infections. Anti-HIV type 1 drugs have recently been approved 
based on peptides that block its relatively slow receptor- 
primed fusion reaction at neutral pH (10), and many anti 
SARS-CoV strategies have involved similar peptidomimetic 
approaches (2, 26, 31). Although such six-helix-bundle-tar- 
geted peptides can have some activity against SARS-CoV fu¬ 
sion, they have not generally been found to be effective anti- 
SARS inhibitors (52), being functional only at micromolar 
concentrations, unlike peptides targeting HIV type 1, which 
are functional at nanomolar concentrations (24). Future anti¬ 
viral approaches targeting coronavirus fusion may need to take 
into account a rapid virus-cell fusion reaction with a low-pH- 
dependent trigger, such as that shown here. 
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